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Spin current injection from sputtered yttrium iron garnet (YIG) films into an adjacent platinum layer has been
investigated by means of the spin pumping and the spin Seebeck effects. Films with a thickness of 83 and
96 nanometers were fabricated by on-axis magnetron rf sputtering at room temperature and subsequent post-
annealing. From the frequency dependence of the ferromagnetic resonance linewidth, the damping constant has
been estimated to be (7.0±1.0)×10−4. Magnitudes of the spin current generated by the spin pumping and the
spin Seebeck effect are of the same order as values for YIG films prepared by liquid phase epitaxy. The efficient
spin current injection can be ascribed to a good YIG|Pt interface, which is confirmed by the large spin-mixing
conductance (2.0±0.2)×1018 m−2.
I. INTRODUCTION
Spintronics is an aspiring field of electronics which in-
corporates the spin degree of freedom into charge-based
devices. Among the main interests in spintronics are gen-
eration, manipulation and detection of spin current, the
flow of spin angular momentum. Pure spin current unac-
companied by charge current has high potential to open
a path to new information technology free from the Joule
heating.
For spin current generation in thin-film systems, two dy-
namical methods are the spin pumping1–8 and the spin See-
beck effect.9–14 In spin pumping [SP, Fig. 1(a)], spin cur-
rent is generated by magnetization dynamics in the ferro-
magnet. The magnetization vector of a ferromagnet irra-
diated by a microwave precesses when the ferromagnetic
resonance condition is fulfilled. This precession motion
relaxes not only by damping processes inside the ferro-
magnet (F), but also by emission of spin current into the
adjacent non-magnetic conductor (N) by exchange inter-
action at the F|N interface.1–3 In the spin Seebeck effect
(SSE), spin current is generated in the presence of a tem-
perature gradient across the ferromagnet. The simplest
setup for SSE is the so-called longitudinal configuration
[Fig. 1(b)], where the temperature difference is applied
parallel to the direction of spin injection. Given that the
ferromagnet is attached to a non-magnetic conductor, spin
current is emitted from the ferromagnet into the neighbour-
ing non-magnetic metal by thermal spin pumping.15,16
Notably, these two mechanisms of spin current gener-
ation do not require that the ferromagnet be a conductor.
The use of an insulator enables generation of pure spin cur-
rents and limits transport mediated by conduction electrons
to the adjacent non-magnetic metal. The ferrimagnet yt-
trium iron garnet (Y3Fe5O12, YIG) is a material of choice
as a spin current injector due to its highly insulating prop-
erties and high Curie temperature (550 K).17 In addition,
its low magnetic loss properties at microwave frequencies
a)Electronic mail: lustikova@imr.tohoku.ac.jp
make it ideal for efficient spin injection. The magnetiza-
tion damping in YIG is two orders of magnitude lower than
that in ferromagnetic metals.18
Among the various fabrication methods of YIG, liquid-
phase epitaxy (LPE) is known for its ability to produce
high-quality single-crystal films17,19 which have been used
extensively in spintronics experiments.7,10,20 However, it
is difficult to produce films thinner than a few hundred
nanometers by the LPE method.21 Since it has been shown
that the interface damping due to SP increases with de-
creasing thickness of the ferromagnetic film,2,22 synthesis
of YIG films with thickness below 100 nm is desirable for
the study of interface effects. Conversely, the increase and
saturation of the spin Seebeck signal with increasing YIG
thickness has been interpreted as evidence that SSE orig-
inates in bulk magnonic spin currents.23 Therefore, thin
YIG films are also useful for probing the physics of the
spin Seebeck effect.
In quest of controlling YIG thickness at nanometer
FIG. 1. Schematic illustrations of the experimental setup for
spin pumping (SP) and the spin Seebeck effect (SSE). (a) SP and
the inverse spin Hall effect (ISHE). H, hac, M(t), js and σ denote
the static magnetic field, the microwave magnetic field, the mag-
netization vector, the direction of spin current generated by SP
and the spin-polarization vector of the spin current, respectively.
The bent arrows in the Pt layer denote the motion of the elec-
trons under the influence of the spin-orbit coupling which leads
to the appearance of a transverse electromotive force (ISHE). (b)
Longitudinal SSE in a YIG|Pt bilayer film. ∇T denotes the tem-
perature gradient. Spin current is generated along ∇T due to SSE
and the electromotive force by ISHE in Pt appears in a direction
perpendicular both to the sample magnetization and to the tem-
perature gradient.
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2scale, the growth of thin films by pulsed-laser deposition
(PLD)24–28 and sputtering29–43 has attracted interest. In
the sputtering method, the growth of crystals can be real-
ized either by direct epitaxial growth via sputtering at high
temperatures29,32,36,38 or by sputtering at room tempera-
ture and subsequent post-annealing.30–35,38 Direct epitax-
ial growth at high temperature can provide crystals of ex-
cellent quality.36 However, the sputtering rates are usually
very low30,34 and the sample quality sensitive to the condi-
tions during deposition. In contrast, sputtering at ambient
temperature is technologically more accessible as it does
not require a high process temperature and enables faster
deposition.30
Although there are various industrial advantages to the
sputtering method, such as high compatibility with the
semiconductors technology, suitability for coating of large
areas, and dryness of the preparation process, there are
only a limited number of reports on the use of sput-
tered YIG films in spintronics experiments.36,37,39–43 In
this work, we grow thin YIG films by sputtering and sub-
sequent post-annealing and confirm epitaxial growth by
transmission electron microscopy (TEM). By measuring
SP and SSE, we demonstrate that the obtained YIG films
are an efficient spin current generator comparable to LPE
films.
II. METHODS
YIG films were deposited by on-axis magnetron rf sput-
tering on gadolinium gallium garnet (111) (Gd3Ga5O12,
GGG) substrates with a thickness of 500 µm. The choice
of substrate was due to the close match of the lattice con-
stants and of the thermal expansion coefficients of GGG
and YIG.33 The sputtering target had a nominal compo-
sition of Y3Fe5O12. The base pressure was 2.3× 10−5
Pa. The substrate remained at ambient temperature dur-
ing sputtering. The pressure of the pure argon atmo-
sphere was 1.3 Pa. The deposition rate was fairly high
at 2.7 nm/min with a sputtering power of 100 W. The as-
deposited films were non-magnetic; according to Refs. 29–
35 such films are amorphous. Crystalization was realized
by post-annealing in air at 850 ◦C for 24 hours. In this
study, we focus on films with a thickness of 83 and 96
nanometers. The thickness was determined by X-ray re-
flection (XRR) and TEM. The structure of the samples was
characterized by high-resolution TEM. X-ray photoelec-
tron spectroscopy confirmed a Y:Fe stoichiometry 3:4.4.
Microwave properties were analyzed using a 9.45-GHz
TE011 cylindrical microwave cavity and a coplanar trans-
mission waveguide in the 3-10 GHz range. The waveguide
had a 2-mm-wide signal line and was designed to a 50-
Ω impedance. The width and length of the samples were
w= 1 mm and l = 3 mm, respectively.
For the spin injection experiments, the annealed YIG
samples were coated by a platinum film by rf sputter-
ing. Spin current injected into the platinum layer was de-
tected electrically using the inverse spin Hall effect [ISHE,
Fig. 1(a)]. ISHE originates in the spin-orbit interaction
which bends the trajectories of electrons with opposite
spins and opposite velocities in the same direction and pro-
duces an electric field transverse to the direction of the spin
current.4–6,44 Platinum was chosen for its high conversion
efficiency from spin current to charge current.8
Spin pumping was performed at room temperature in a
cylindrical 9.45-GHz TE011 cavity at a microwave power
PMW = 1 mW (corresponding to a microwave field µ0hac=
0.01 mT) in a setup illustrated in Fig. 1(a). The sample was
placed in the centre of the cavity where the electric field
component of the microwave is minimized while the mag-
netic field component is maximized and lies in the plane
of the sample surface. A static magnetic field was applied
perpendicular to the direction of the microwave field and
to the direction in which the voltage was measured.8 Mea-
surements were performed on a set of three samples. The
thickness of the Pt layer was dN = 14 nm, the thickness of
the YIG layer dF = 96 nm.
The SSE experiment was performed in a longitudi-
nal setup identical to that of Ref. 14 on three YIG(83
nm)|Pt(10 nm) samples. The length, the width, and the
thickness of the samples were LV = 6 mm, w= 1 mm, and
LT = 0.5 mm, respectively. The sample was sandwiched
between two insulating AlN plates with high thermal con-
ductivity. The upper AlN plate (on top of the Pt layer) was
thermally connected to a Cu block held at room tempera-
ture. The bottom AlN plate (under the GGG substrate) was
placed on a Peltier module. The width of the upper AlN
plate (5 mm) was slightly shorter than the sample length
(6 mm) in order to take electrical contacts with tungsten
needles. The samples were placed in a 10−2 Pa vacuum in
order to prevent heat exchange with the surrounding air. A
static magnetic field was applied in the plane of the sample
surface perpendicular to the direction in which the voltage
was measured.
III. RESULTS AND DISCUSSION
A. Structural and microwave properties
Figures 2(a)-(e) present the structural properties of the
96-nm-thick films observed by TEM. A magnified view of
the GGG|YIG interface and the diffraction pattern at this
interface are shown in Figs. 2(a) and 2(b), respectively.
The YIG grows epitaxially on the GGG substrate. Nei-
ther defects nor misalignment in the lattice planes were
observed in the TEM images [Fig. 2(a)]. As shown in Fig.
2(b), the diffraction pattern consists of a single reciprocal
lattice confirming perfect alignment of the GGG and YIG
structures.
An image of the whole cross section of a GGG|YIG|Pt
sample is shown in Fig. 2(c). The YIG film contains spher-
ical defects with a diameter of roughly 10 nm. However,
these are suppressed in the vicinity of the YIG|Pt inter-
face. TEM imaging of as-deposited films revealed a uni-
form amorphous Y-Fe-O layer indicating that the spher-
ical structures emerge during post-annealing. A magni-
fied view of these objects is given in Fig. 2(d). They do
not possess crystalline structure. This can be also inferred
from the fact that only a single reciprocal lattice, corre-
sponding to epitaxial growth, was observed in the diffrac-
tion pattern. We speculate that these defects are voids
which appear due to the volume change in the transition
from amorphous to crystalline phase. There is a possibility
that these structures contain residual amorphous material
3FIG. 2. Structural and microwave
properties of the YIG films. (a)
TEM image of the GGG|YIG in-
terface. (b) Selected area diffrac-
tion at the GGG|YIG interface with
the electron beam along the [011]
axis. (c) The cross section of a
GGG|YIG|Pt sample. (d) Magni-
fied view of the spherical defects in
the YIG structure. (e) Magnified
view of the YIG|Pt interface. (f)
In-plane FMR derivative absorption
spectrum measured in a microwave
cavity. The fit is a derivative of
the Lorentzian function. (d) Fre-
quency scan of the FMR peak-to-
peak linewidth W measured using
a coplanar waveguide (circles) and
values obtained in a microwave cav-
ity (squares). The fitting function is
given by Eq. (1).
left over in the crystallization. We expect that these struc-
tures, due to their location inside the film, do not affect
spin injection efficiency because spin injection originates
in the spin transport at the F|N interface.2,22
The YIG|Pt interface is magnified in Fig. 2(e). One
can see that the YIG maintains its crystal structure up to
the top of the layer. The surface of the YIG film is flat
with a roughness less than 1 nm. This clean interface is of
advantage for efficient spin injection.45
XRR measurement on a bare YIG film yielded a YIG
surface roughness of (0.008± 0.002) nm. In contrast,
the GGG|YIG interface roughness was (0.6± 0.1) nm.
The fact that the roughness at the GGG|YIG interface was
many times larger than that at the YIG surface can be as-
cribed to substrate damage caused by on-axis sputtering.
Figure 2(f) shows the ferromagnetic resonance (FMR)
derivative absorption spectrum dI/dH of a 96-nm-thick
YIG film measured in a microwave cavity at PMW = 1 mW.
It consists of a single Lorentzian peak derivative with a
peak-to-peak linewidth W = 0.38 mT. This corresponds
to a single FMR mode with damping proportional to the
linewidth. The linewidth in a broad set of samples var-
ied in the range of 0.4− 0.6 mT. These values are among
the lowest reported on sputtered YIG films.35,36,38 The ef-
fective saturation magnetization Meff was determined from
the dependence of the FMR field on the direction of the
static magnetic field with respect to the sample plane.8
The obtained value Meff = (103± 4) kA/m is lower than
the saturation magnetization value for bulk YIG crystal
(140 kA/m).46 The decrease in the saturation magnetiza-
tion might be a result of a deficiency in Fe atoms indicated
by the off-stoichiometry.
Figure 2(g) shows the frequency f dependence of the
peak-to-peak linewidthW measured on a 83-nm-thick YIG
film using a coplanar waveguide. Using a linear fit46
W =W0+
4pi√
3
α
γ
f (1)
with gyromagnetic ratio γ = 1.78× 1011 T−1s−1 deter-
mined from the frequency dependence of the FMR field,47
we obtain a damping constant α =(7.0±1.0)×10−4. This
value is more than ten times larger than the value for bulk
single crystals (3× 10−5),18 but is slightly smaller than
other values reported on films prepared by sputtering38,40
and only three times higher than values reported on LPE
films.21,48 The increase in the damping constant is proba-
bly due to two-magnon scattering on defects in the film.49
B. Spin pumping and spin Seebeck effect
The results of the SP experiment are shown in Fig. 3.
Figure 3(a) compares the integrated FMR spectra of the
plain YIG film and the YIG|Pt bilayer measured on one
YIG sample prior to and after Pt coating. The linewidth in
the YIG|Pt bilayer increases on average by 30% as com-
pared to the linewidth in the bare YIG layer. This corre-
sponds to enhanced damping of the magnetization preces-
sion in the YIG|Pt sample. This enhancement is caused by
the transfer of spin angular momentum to conduction elec-
trons in Pt near the YIG|Pt interface, indicating successful
spin injection.
Simultaneously with the FMR peak of the ferromagnet,
a voltage signal appears across the Pt layer, as shown in
Fig. 3(b). The spectral shape of the voltage signal is
a Lorentzian with the same centre and full-width-at-half-
maximum as the FMR spectrum of the YIG [Fig. 3(a)].
This is an expected behaviour in ISHE, where the gener-
ated voltage at field H is proportional to the microwave
4FIG. 3. Results of the spin pumping measurement on a YIG(96
nm)|Pt(14 nm) bilayer at PMW = 1 mW (µ0h ac = 0.01 mT). (a)
The integrated FMR spectrum of a YIG sample before and af-
ter Pt coating (YIG and YIG|Pt, respectively). (b) ISHE voltage
signal measured on the Pt layer at θH = −90◦ overlaid with a
Lorentzian fit. (c), (d) FMR derivative spectra [(c)] and spec-
tral shapes of the voltage signals [(d)] at selected θH values.
(e) Angle dependence of the peak value of the ISHE voltage
(“data”) overlaid with the calculated dependence (“calc”). The
inset shows the definition of θH .
absorption intensity I(H).8
The fact that the detected voltage signal is due to ISHE
is confirmed by the θH dependence, where θH is the an-
gle between the surface normal and the magnetic field [see
inset of Fig. 3(e)]. The FMR derivative spectra and the
spectral shapes of the voltage signals at selected values
of θH are shown in Figs. 3(c) and (d), respectively. The
spectral shape of the voltage copies the shape of I(H) even
when the magnetic field is tilted out of the sample plane
(θH =±45◦). The sign of the voltage reverses by reversing
the direction of the magnetic field and the signal vanishes
when the magnetic field is perpendicular to the sample sur-
face (θH = 0◦). This is a signature of ISHE, where the elec-
tromotive force is generated along the vector product of the
spin polarization and the spin current, EISHE ∝ js×σ .5,8
Figure 3(e) shows the θH dependence of the peak value
of the voltage signal. The black curve is the expected θH
dependence of the ISHE voltage calculated following the
procedure in Ref. 8. The magnitude of the ISHE voltage is
proportional to the injected spin current, VISHE ∝ js sinθM ,
where the spin current magnitude js is given by Eq. (12)
in Ref. 8
js =
g↑↓r γ2(µ0hac)2h¯
[
µ0Meffγ sin2 θM+
√
(µ0Meff)2γ2 sin4 θM+4ω2
]
8piα2
[
(µ0Meff)2γ2 sin4 θM+4ω2
] . (2)
Here θM is the angle between the magnetization vec-
tor and the surface normal, and g↑↓r the real part of
the spin mixing conductance. The relation between
θH and θM is determined by the resonance condi-
tion (ω/γ)2 = [µ0HR cos(θH −θM)−µ0Meff cos2θM] ×[
µ0HR cos(θH −θM)−µ0Meff cos2 θM
]
[Eq. (9) in Ref. 8]
and the static equilibrium condition 2µ0H sin(θH −θM)+
µ0Meff sin2θM = 0 [Eq. (6) in Ref. 8]. To numerically
calculate Eq. (2), we used ω = 5.94× 1010 s−1, γ =
1.78×1011 s−1T−1 and Meff = 103 kA/m. The result of the
calculation is in very good agreement with the data, pro-
viding another piece of evidence that the observed voltage
is due to ISHE.
Figure 4 shows the results of the longitudinal SSE mea-
surement. Figure 4(a) gives the magnetic field µ0H depen-
dence of the voltage signal V measured on the Pt layer for
selected values of temperature difference ∆T between the
bottom and the top of the sample. We observed a voltage
signal whose sign is reversed by reversing the direction of
the magnetic field. Upon increasing the magnetic field,
the magnitude of the signal increases monotonically until
reaching a saturation value. This µ0H dependence of V
reflects the magnetization curve of YIG.14 The saturation
value of the voltage increases with increasing temperature
gradient. No signal was observed for ∆T = 0 K. As shown
in Fig. 4(b), the magnitude of the voltage at µ0H = 30 mT
is linear in ∆T . This behaviour is consistent with ISHE in-
duced by SSE, where the spin current generated across the
YIG|Pt interface is proportional to the temperature gradi-
ent ∇T .12
C. Spin injection efficiency
The normalized value of the ISHE electromotive force
observed in the SP experiment is EISHE/(µ0hac) = (150±
30) µV/(mm·mT). This is a few times higher than the value
reported on a 4.5 µm-thick LPE film, EISHE/(µ0hac) = 39
µV/(mm·mT), measured at the same equipment,45 and
comparable with values reported for LPE films of 1.2-µm
thickness [160 µV/(mm·mT) in Ref. 7].
As for the ISHE voltage in the SSE measurement, using
the experimental value V = (5.6±1.2) µV at ∆T = 10 K,
we obtain a normalized voltageV×LT/LV =(0.47±0.10)
FIG. 4. Results of the SSE measurement on a YIG(83 nm)|Pt(10
nm) bilayer. (a) Magnetic field µ0H dependence of the voltage
signal V on the Pt layer measured for different values of temper-
ature difference ∆T across the GGG|YIG|Pt sample in the lon-
gitudinal SSE configuration. (b) ∆T dependence of the voltage
magnitude at µ0H = 30 mT.
5µV. This is also of the same order as the value for YIG
prepared by LPE (1 µV in Ref. 14 for a 4.5-µm-thick film).
Finally, we estimate the spin mixing conductance at the
YIG|Pt interface. The efficiency of the transfer of spin an-
gular momentum at the F|N interface is described by the
real part of the spin-mixing conductance g↑↓r ,7,50–52 which
is given by52–54
g↑↓r =
4piMsdF
gµB
√
3γ
2ω
(
WF/N−WF
)
. (3)
Here, g is the g-factor, µB = eh¯/(2me) = 9.27× 10−24
J·T−1 the Bohr magneton, Ms the saturation magnetiza-
tion; and WF and WF/N are the peak-to-peak linewidth
of the FMR spectrum in the bare ferromagnetic film and
in the F|N bilayer, respectively. Using g = 2.12, Ms ≈
Meff = 103 kA/m, ω/γ = 0.334 T, dF = 96 nm, WF =
(0.40± 0.03) mT and WF/N = (0.52± 0.02) mT, we ob-
tain a spin-mixing conductance g↑↓r = (2.0± 0.2)× 1018
m−2. This value is of the same order as those in other re-
ports on the YIG|Pt interface, e.g. g↑↓r = 1.3× 1018 m−2
in Ref. 45. Thus, both in SP and in SSE, we have obtained
spin injection efficiencies comparable to those reported at
LPE-made-YIG|Pt bilayer samples. This result suggests
that defects inside the YIG film do not significantly affect
the transfer of spin angular momentum at the interface with
Pt. The high spin injection efficiency is promoted by the
presence of a regular garnet structure in the vicinity of the
interface with Pt as well as the clean interface, as observed
by TEM imaging.
It is worth noting that based on Eqs. (2) and (3), a
decrease in magnetization from 140 kA/m to 103 kA/m
should lead to a 28 % decrease in the injected spin current.
A corresponding suppression of the inverse spin Hall volt-
age should be observed. However, the errors in the spin
pumping and the SSE voltage measurements were 20 %
and 21 %, respectively. This degree of error does not al-
low to discuss the effect of the decreased magnetization on
spin pumping.
To conclude, we estimate the spin Hall angle of Pt from
the obtained data. The injected spin current determined
from Eq. (2) is js = 5.3×10−10 J/m2, where we have used
g↑↓r = 2.0× 1018 m−2, µ0hac = 0.01 mT, α = 7.0× 10−4,
γ = 1.78×1011 T−1s−1, ω = 5.94×1010 s−1, Meff = 103
kA/m, and θH = θM = −90 ◦. The peak value of the in-
verse spin Hall voltage is given by8
VISHE =
dEθSHEλN tanh(dN/2λN)
dNσN
(
2e
h¯
)
js, (4)
where dE is the distance of the electrodes, θSHE the spin
Hall angle, λN the spin diffusion length in Pt, dN the thick-
ness of the Pt layer, and σN the conductivity of Pt. Using
VISHE = 3.9 µV, dE = 2.6 mm, dN = 14 nm, σN = 3.1×106
Ω−1m−1, and js = 5.3× 10−10 J/m2, we obtain θSHE =
0.029 or 0.007 for Pt spin diffusion length λN = 1.4 nm,55
or 10 nm,56 respectively. Both values are within the range
of spin Hall angles reported for Pt.
IV. CONCLUSIONS
In summary, we have prepared YIG films by the sput-
tering method and investigated their structural and mi-
crowave properties as well as spin current generation from
these films. The results show that the presented fabrica-
tion method, consisting of sputtering at room temperature
and post-annealing in air, provides epitaxial YIG films
with thickness below 100 nm which have excellent mi-
crowave properties in spite of defects in the structure. The
spin injection efficiency observed in spin pumping and in
the spin Seebeck effect is comparable with that for high-
quality films prepared by liquid phase epitaxy. The above
preparation of garnet films is relatively straightforward and
the technological requirements modest. Moreover, this
method offers a possibility to control the YIG thickness
at the nanometer scale. These results are of potential use
in spintronics research.
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